Hypertension, glomerular number, and birth weight in African Americans and white subjects in the southeastern United States  by Hughson, M.D. et al.
see commentary on page 640
Hypertension, glomerular number, and birth weight
in African Americans and white subjects in the
southeastern United States
MD Hughson1, R Douglas-Denton2, JF Bertram2 and WE Hoy3
1Department of Pathology, University of Mississippi Medical Center, Jackson, Mississippi, USA; 2Department of Anatomy and Cell
Biology, Monash University, Clayton, Victoria, Australia and 3Centre for Chronic Disease, The University of Queensland, Brisbane,
Queensland, Australia
Low nephron number has been related to low birth weight
and hypertension. In the southeastern United States, the
estimated prevalence of chronic kidney disease due to
hypertension is five times greater for African Americans than
white subjects. This study investigates the relationships
between total glomerular number (Nglom), blood pressure,
and birth weight in southeastern African Americans and
white subjects. Stereological estimates of Nglom were
obtained using the physical disector/fractionator technique
on autopsy kidneys from 62 African American and 60 white
subjects 30–65 years of age. By medical history and recorded
blood pressures, 41 African Americans, and 24 white subjects
were identified as hypertensive and 21 African Americans
and 36 white subjects as normotensive. Mean arterial blood
pressure (MAP) was obtained on 81 and birth weights on 63
subjects. For African Americans, relationships between MAP,
Nglom, and birth weight were not significant. For white
subjects, they were as follows: MAP and Nglom (r¼0.4551,
P¼ 0.0047); Nglom and birth weight (r¼ 0.5730, P¼ 0.0022);
MAP and birth weight (r¼0.4228, P¼ 0.0377). For African
Americans, average Nglom of 961 8407292 750 for
normotensive and 867 3587341 958 for hypertensive
patients were not significantly different (P¼ 0.285). For
white subjects, average Nglom of 923 3777256 391 for
normotensive and 754 3197329 506 for hypertensive
patients were significantly different (P¼ 0.03). The data
indicate that low nephron number and possibly low birth
weight may play a role in the development of hypertension
in white subjects but not African Americans.
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In 1988, Brenner et al.1 proposed that there was an inverse
relationship between total renal filtration surface and the risk
of hypertension. It was suggested that the reduced filtration
surface area of the kidney resulting from an inherited or
acquired deficit of glomeruli impaired the normal adjustment
of blood pressure by pressure natriuresis. Persons with a
reduced number of nephrons are thought to be susceptible to
developing hypertension because pressure natriuresis curves
are shifted and an elevated blood pressure is needed to
maintain a balance between normal sodium intake and
excretion.
Keller et al.2 used the stereological dissector/fractionator
method to estimate total glomerular number (Nglom) and
mean glomerular volume (Vglom) in 20 white European
accident victims 35–59 years old. The hypertensive indivi-
duals were matched with 10 normotensive subjects for sex,
age, height, and weight. The hypertensive subjects had an
average of 746 4687126 408 glomeruli per kidney compared
to 1 402 3597346 357 glomeruli per kidney in the normo-
tensive subjects, a difference that was statistically significant
(Po0.001). The authors concluded that the ‘data support the
hypothesis that the number of nephrons is reduced in white
patients with essential hypertension.’
Low birth weight has been shown to influence kidney
development and possibly the later health of adults.3,4 In
experimental animals, intrauterine growth retardation pro-
duced by uterine artery ligation, maternal dietary protein
restriction or vitamin A deficiency results in a nephron deficit
of approximately 30% with a reduction in glomerular
filtration rate of 50%.5–7 Merlet-Benichou et al.7,8 used the
acid-maceration method to count glomeruli in the kidneys of
24 full-term infants that died in utero or within 6 months of
birth, and found a direct linear relationship between Nglom
and birth weight. Infants below the 10th percentile of birth
weight had an average of 30% fewer glomeruli than infants
with birth weights above the 10th percentile.
In community studies, Barker et al.,9 Barker and Martyn10
and Law et al.11 showed that small infant size at birth
predicted an increased risk of elevated blood pressure and
cardiovascular disease when combined with obesity in
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adulthood. It was found that low birth weight predicted a
higher systolic blood pressure after infancy and that adult
ageing amplified the blood pressure differences.11 In the 1994
United States Renal Data Survey, African Americans had a
rate of end-stage renal disease (ESRD) resulting from
hypertension that was 3.4 times greater than white subjects.12
This increased rate of ESRD closely parallels African American
rates of low birth weight and severe low birth weight that are
2.3 and 3.1 times greater than white subjects.13
Racial groups that include African Americans, native
Americans, and Australian aborigines have rates of hyperten-
sion and renal disease that greatly exceed those of the general
population.12,14–17 All of these groups have a high prevalence
of low-weight infant births, and all of the groups have been
found to have larger glomeruli than white subjects.18–21 The
cause of the glomerulomegaly is not certain but it seems to be
a marker of risk for ESRD.18–21 In a prior sterological study of
autopsy kidneys, we have shown that Nglom varied directly
and significantly with birth weight and that Vglom had a
strong inverse relationship with Nglom.
22 This suggested that
the glomerulomegaly of populations at high risk for ESRD
may be an indicator of low nephron number.22
In the southeastern United States and in Mississippi, there
is estimated to be a fivefold greater risk for ESRD associated
with hypertension among African Americans than white
subjects.23–25 Our current study was undertaken to investigate
the relationship between birth weight, nephron number, and
hypertension among African Americans and white subjects
and whether racial differences in glomerular number may
underlie the greater risk of African Americans for hyper-
tensive ESRD.
RESULTS
Table 1 summarizes age, birth weight, Nglom and Vglom of the
140 casesfor African Americans and white subjects, and male
and female subjects. Mean arterial blood pressure (MAP) was
calculated on 89 and birth weights were obtained on 77
subjects. The MAP of African Americans was higher than that
of white subjects (P¼ 0.018), but there was no statistically
significant racial difference in Nglom (P¼ 0.300). There was a
significantly lower Nglom in female compared to male subjects
(P¼ 0.009), but there was no gender difference in MAP. The
lower birth weight of female subjects approached but did not
achieve statistical significance (P¼ 0.054).
Age, Nglom, Vglom, body mass index, birth weight,
glomerulosclerosis and arteriosclerosis
Table 2 shows the pairwise correlations between age, Nglom,
Vglom, body mass index (BMI), birth weight, glomerulo-
sclerosis, arteriosclerosis, and MAP. Arteriosclerosis, glomerulo-
sclerosis, and MAP were closely and directly related to one
another and to age. Nglom had a significant direct correlation
with birth weight and an inverse correlation with age, the latter
due to age-related glomerulosclerosis. Ischemic glomerular
obsolescence was the only pattern of glomerulosclerosis that
was found.26 Focal segmental glomerulosclerosis that might
indicate hyperperfusion injury was not encountered in
any of the cases. Vglom varied significantly and directly with
BMI and inversely with Nglom. With the entire cohort of
subjects, Nglom showed no statistically significant relationship
to MAP.
There was a relationship between age and birth weight in
which subjects dying at an older age tended to have higher
birth weights. Subjects who died of cardiac and cerebro-
vascular disease having birth weights p3.29 kg (the median
for all subjects) had an average age of 3876 years (Table 3).
This was significantly different from the 4375 years of age of
those having birth weights 43.29 kg; P¼ 0.009. The age
difference between those dying of non-cardiovascular or
cerebrovascular causes at the lower and higher birth weights
was not significant; P¼ 0.168.
Among those dying of cardiac or cerebrovascular disease,
11 of 17 subjects with birth weights p3.29 kg were
hypertensive. For those with birth weights 43.29 kg, 10 of
14 subjects were hypertensive. Differences in the distribution
of hypertension, gender, and race among these two groups
were not significant (Fisher’s exact tests: hypertension,
P¼ 1.000; race, P¼ 0.477; gender, P¼ 0.693). The severity
of hypertension was significantly greater in the older subjects
with the higher birth weights dying of cardiovascular and
cerebrovasular disease; P¼ 0.003. The white cardiovascular
and cerebrovasular disease subjects with the lower birth
weights had a notably low average glomerular number, but
with the small number of observations, the difference was not
Table 1 | Summary for African Americans and white subjects and males and female subjects of age (years), birth weight (kg),
total glomerular number (Nglom), and mean glomerular volume (Vglom, lm 106), and mean arterial blood pressure (MAP,
mmHg) (140 adults, 18–65 years old)
Age Birth weight Nglom Vglom MAP
African Americans 41712 3.3670.58 917 7897326 672 8.5673.06 110.7717.0
White subjects 46712a 3.3170.49 861 8797306 250 7.7972.68 102.0710.9a
Males 44713 3.4370.46 941 0237337 705 8.3073.04 106.9714.3
Females 42710 3.1970.64 794 4937248 725b 8.0072.63 106.7717.2
The values are mean7standard deviation.
aAge and MAP for white subjects are significantly different from African Americans; both P=0.018.
bNglom for female subjects is significantly different from male subjects, P=0.009. The difference in birth weight between male and female subjects is not significant; P=0.054.
MAP was available on 50 of 75 African Americans, 39 of 65 white subjects, 59 of 93 male subjects and 30 of 47 female subjects.
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statistically significant when compared to white subjects with
higher birth weights.
Relationships between MAP and age, race, gender, BMI,
Nglom, and birth weight
MAP was not elevated until age 30 years (Figure 1). Stepwise
regression using MAP as the dependent variable and age,
race, gender, BMI, Nglom, and birth weight as independent
variables in a full model of 18–65 years of age showed that
only age predicted MAP (age, P¼ 0.013; birth weight,
P¼ 0.6576; BMI, P¼ 0.5002; gender, P¼ 0.2409; Nglom,
P¼ 0.2514; race, P¼ 0.2381).
There were 122 patients between 30 and 65 years old (62
African Americans and 60 white patients). MAP was available
on 81 of these patients (44 African Americans and 37 white
patients) and birth weights were available on 63 patients (37
African Americans and 26 whites, 19 hypertensive African
Americans, and nine hypertensive whites). When the model
was restricted to ages 30–65 years, only race predicted MAP
(race, P¼ 0.045; Nglom, P¼ 0.095; gender, P¼ 0.171; BMI,
P¼ 0.3661; age, P¼ 0.8863; birth weight, P¼ 0.9202).
Among 30–65-year-old African Americans, none of the
independent variables predicted MAP (Nglom, P¼ 0.4144;
gender, P¼ 0.4554; BMI, P¼ 0.6295; birth weight,
P¼ 0.7712; age, P¼ 0.8900).
Among white subjects 30–65 years of age, in forward
stepwise regression when the independent variable that
contributes best to MAP is entered first and then variables
Table 2 | Pearson’s product moment correlation between age, Nglom, Vglom, birth weight, body mass index (BMI),
glomerulosclerosis (GS), intimal thickening of mid- and distal interlobular arteries (It), and mean arterial blood pressure (MAP)
(140 adults, 18–65 years old)
Nglom Vglom BMI Birth weight GS It MAP
Age 0.1862 0.1237 0.0022 0.2502 0.4038 0.3519 0.2510
0.0276 0.1455 0.9798 0.0282 o0.0001 o0.0001 0.0176
Nglom 0.4000 0.0209 0.3332 0.3032 0.1949 0.1444
o0.0001 0.8067 0.0031 0.0003 0.0210 0.1771
Vglom 0.2614 0.0659 0.1092 0.2049 0.1948
0.0019 0.5692 0.1989 0.0152 0.0673
BMI 0.0639 0.0176 0.0878 0.0798
0.5810 0.8374 0.3040 0.4596
Birth weight 0.0976 0.0733 0.0281
0.3983 0.5264 0.8434
GS 0.5306 0.3924
o0.0001 o0.0001
It 0.5562
o0.0001
Within the cells the upper numbers represent correlation coefficients and the lower numbers P-values. The pairs of variables with positive correlation coefficients and P-values
o0.05 tend to increase together. For pairs of variables with negative correlation coefficients and P-valueso0.05, one variable tends to increase whereas the other decreases.
For pairs with P-values 40.05, there is no significant relationship between the two variables. Variables having a significant relationship are given in bold.
Table 3 | Average age (years) at the time of death, Nglom and mean arterial pressure (MAP) for those having birth weights
p3.29 or 43.29 kg (subjects 18–65 years old with birth weights (n=77))
p3.29 kg 43.29 kg
Birth weight n Age Nglom MAP n Age Nglom MAP
CAD/CVD
All CAD/CVD 17 3876a 889 6997327 874 109715b 14 4375c 967 6887397 657 119717d
AA 12 3776 984 1697261 555 109718 8 4276 992 9147464 948 123715
White 5 4172 662 9717388 387 108715 6 4474 934 0527312 872 102714
Non-CAD/CVD
All non-CAD/CVD 22 3377e 888 8027241 969 9979 24 36710 1 087 9437352 461 101712
AA 11 3279 848 6177242 492 9574 17 3779 1 054 4817352 282 103713
White 11 3376 928 9897246 165 103713 7 3679 1 169 2087366 595 96711
All 39 889 1937276 603f 38 1 043 6397367 596
The subjects were divided into those dying of cardiovascular and cerebrovascular disease and those dying of other causes. Values are mean7standard deviation.
NS, not significant; AA, African American; CAD/CVD, coronary artery and cerebrovascular disease.
The numbers are too few for differences in Nglom for white CAD/CVD subjects p3.29 or 43.29 kg to be significant, P=0.281.
aSignificantly different from all CAD/CVD with birth weight 43.29 kg, P=0.009 and all non-CAD/CVDp3.29 kg, P=0.006.
bNS, versus all non-CAD/CVDp3.29 kg, P=0.06.
cNS, versus all non-CAD/CVD 43.29 kg, P=0.059.
dSignificantly different from all non-CAD/CVD 43.29 kg, P=0.003.
eNS, versus all non-CAD/CVD 43.29 kg, P=0.168.
fSignificantly different from all 43.29 kg, P=0.041.
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entered according to their contribution to MAP, Nglom best
predicted MAP (Nglom, P¼ 0.045; birth weight, P¼ 0.055;
BMI, P¼ 0.426; gender, P¼ 0.540; age, P¼ 0.638). In reverse
stepwise regression when all independent variables are
entered into the equation and then one by one removed
according to their contribution to MAP, birth weight
predicted MAP (birth weight, P¼ 0.028; Nglom, P¼ 0.3534;
BMI, P¼ 0.4070; gender, P¼ 0.5172; age, P¼ 0.5974).
Table 4 shows the correlations between age, gender, BMI,
Nglom, birth weight, and MAP for African Americans and
Table 5 shows the correlations for white subjects. Among
African Americans, a significant direct correlation was seen
only between age and MAP. Among white subjects, a
significant direct correlation was found between Nglom and
birth weight, and significant inverse correlations were present
between Nglom and MAP and birth weight and MAP. Among
white subjects, those with lower birth weights also had
shorter lifespans.
Comparison of non-hypertensive and hypertensive African
Americans and white subjects 30 years of age or older
Table 6 compares the gender ratios, age, BMI, heart to body
weight, Nglom, Vglom, total glomerular volume (VglomTotal),
glomerulosclerosis, arterial intimal thickening, birth weights,
and MAP between African-American patients 30–65 years old
categorized as non-hypertensive and hypertensive. Table 7
compares these differences between non-hypertensive and
hypertensive white subjects 30–65 years old. Arteriosclerosis
and glomerulosclerosis were increased in hypertensive
patients, with the increased glomerulosclerosis being statis-
tically significant in white subjects but not African Amer-
icans.
Nglom was normally distributed in both races and in
patients who were hypertensive and non-hypertensive.
Among African Americans, there was no statistically
significant difference in Nglom between non-hypertensive
and hypertensive subjects. The mean Nglom of hypertensive
white subjects was 754 3197329 506 compared to a mean of
140
120
100
80
20 30 40
age
50 60 70
95% CI Predicted MAP
M
AP
 (m
mH
g)
Figure 1 | MAP plotted against age for the study population of 89
adult patients aged 18–65 years who had a calculated MAP.
MAP shows a significant direct relationship with age (r¼ 0.2510,
P¼ 0.0176). Hypertension (MAPX107 mmHg) was not seen until
30 years of age.
Table 4 | Pairwise correlations between age, BMI, Nglom, birth
weight, and MAP (African Americans, 30–65 years of age)
BMI Nglom Birth weight MAP
Age 0.0361 0.2410 0.2534 0.3227
0.7824 0.0613 0.1359 0.0348
BMI 0.0951 0.1982 0.2392
0.4661 0.2465 0.1224
Nglom 0.2400 0.1367
0.1585 0.3822
Birth weight 0.0598
0.7626
Within the cells, the upper numbers represent correlation coefficients and the lower
numbers P-values. The pairs of variables with positive correlation coefficients and
P-values o0.05 tend to increase together. For pairs of variables with negative
correlation coefficients and P-valueso0.05, one variable tends to increase while the
other decreases. For pairs with P-values 40.05, there is no significant relationship
between the two variables. Variables having a significant relationship are given in
bold.
Table 5 | Pairwise correlations between age, BMI, Nglom, birth
weight, and MAP (white subjects, 30–65 years of age)
BMI Nglom Birth weight MAP
Age 0.0022 0.0425 0.4195 0.0935
0.9869 0.7470 0.0329 0.5821
BMI 0.1032 0.0508 0.0071
0.4366 0.8053 0.9673
Nglom 0.5730 0.4551
0.0022 0.0047
Birth weight 0.5228
0.0377
Within the cells, the upper numbers represent correlation coefficients and the lower
numbers P-values. The pairs of variables with positive correlation coefficients and
P-values o0.05 tend to increase together. For pairs of variables with negative
correlation coefficients and P-valueso0.05, one variable tends to increase while the
other decreases. For pairs with P-values 40.05, there is no significant relationship
between the two variables. Variables having a significant relationship are given in
bold.
Table 6 | Comparison of variables between non-hypertensive
and hypertensive subjects (African Americans, 30–65 years
old)
Non-hypertensive
n=21
Hypertensive
n=41
Gender (M:F) 1.5:1 1.3:1 NS
Age (years) 39.075.4 47.478.7 Po0.001
BMI (kg/m2) 31.177.2 29.676.8 NS
Heart/body
weight (g/kg)
4.4570.86 5.8171.31 Po0.001
Nglom 961 8407292 750 867 3587341 599 NS
Vglom (mm
3 106) 7.7173.22 9.3572.94 P=0.012
VglomTotal (cm
3) 6.7472.20 7.7773.02a NS
Glomerulosclerosis
(%)
2.4374.06 4.7174.78 NS
P=0.068
It remote 0.04870.041 0.12670.085 Po0.001
Birth weight (kg) 3.3970.15 3.5070.11 NS
MAP (mmHg) 95.176.2 123.4710.4b
The values are means and standard deviation.
aVglomTotal of hypertensive African Americans is significantly different from that of
hypertensive white subjects; P=0.0137.
bMAP of hypertensive African Americans is significantly different from that of
hypertensive white subjects; P=0.0066.
NS, not significant.
It intimal thickening of mid- and distal interlobular arteries measured as the ratio of
the thickness of the intima to the outer arterial diameter.
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923 3777256 392 glomeruli for non-hypertensive white
subjects, a difference that was significant; P¼ 0.030.
Although pairwise correlation showed a significant relation-
ship between birth weight and MAP, the difference in
the lower birth weight of hypertensive as compared
to non-hypertensive white subjects was not significant;
P¼ 0.4257.
The increased Vglom with low Nglom has a compensatory
effect on total glomerular mass or VglomTotal, which gives a
rough estimate of the filtration surface of the kidney. There
was no difference in VglomTotal between hypertensive and non-
hypertensive subjects in either racial group. VglomTotal for
hypertensive African Americans was significantly greater than
the VglomTotal for hypertensive white subjects (P¼ 0.0137);
however, the difference between VglomTotal for non-hyperten-
sive African Americans and non-hypertensive white subjects
was not significantly different (P¼ 0.8209).
Distribution of Nglom among non-hypertensive and
hypertensive subjects
African Americans and white subjects had a wide range of
Nglom, with considerable overlap between non-hypertensive
and hypertensive subjects. Bimodality in Nglom was not seen
even among white subjects where means were significantly
different (Figures 2 and 3). Table 8 demonstrates the
distribution of African American subjects 30–65 years of
age classified as hypertensive and non-hypertensive who had
an Nglom greater or lower than the group mean of 899 360.
Whereas 37% of African Americans had a lower than average
Nglom and were hypertensive, 29% of African Americans
had an above average Nglom and were also hypertensive.
The proportional distribution of hypertension or normoten-
sion in the categories of low or high glomerular number
was not significantly different. Among African Americans,
severe hypertension was common, and an MAP of
4120 mmHg was seen in six patients having single kidney
glomerular counts of more than 1 million (Figure 4). One
patient with mild hypertension had an Nglom of more than 2
million.
Table 9 shows the distribution of white subjects 30–65
years of age classified as hypertensive and non-hypertensive
who had an Nglom greater or lower than the group mean of
855 755. Hypertensive and non-hypertensive patients at 28
and 23%, respectively, were almost equally represented in the
low Nglom groups. In contrast, 12% of white subjects had an
Table 7 | Comparison of variables between non-hypertensive
and hypertensive subjects (white subjects, 30–65 years old)
Non-hypertensive
n=36
Hypertensive
n=24
Gender (M:F) 1.3:1 1.2:1 NS
Age (years) 45.8710.4 49.4710.0 NS
BMI (kg/m2) 29.377.7 32.779.2 NS
Heart/body weight
(g/kg)
5.0570.87 5.5871.15 NS
P=0.063
Nglom 923 3777256 391 754 3197329 506 P=0.030
Vglom (mm
3 106) 7.3872.30 8.6572.77 NS
P=0.060
VglomTotal (cm
3) 6.6072.20 6.0172.06 NS
Glomerulosclerosis (%) 2.1872.05 4.3175.35 P=0.034
It 0.04370.04 0.12270.100 P=0.001
Birth weight (kg) 3.3470.14 3.1770.12 NS
MAP (mmHg) 95.374.32 11574.87
Values are means and standard deviation.
NS, not significant.
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Figure 2 | Histogram of total right kidney glomerular number
(Nglom) of African Americans 30–65 years of age with normalized
plots showing the frequency distribution of Nglom for all patients
(____), non-hypertensive patients (———) and hypertensive
patients (yy.). Although the curve for hypertensive patients is
shifted toward lower Nglom, hypertensive and normotensive patients
are not separated into distinct groups.
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Figure 3 | Histogram of total right kidney glomerular number
(Nglom) of white subjects 30–65 years of age with normalized
plots showing the frequency distribution of Nglom for all patients
(____), non-hypertensive patients (———), and hypertensive
patients (yy.). Hypertensive and normotensive patients are not
distinctly separate groups.
Table 8 | Distribution of hypertensive and non-hypertensive
subjects having Nglom above and below the group mean
(African Americans, 30–65 years old)
Nglom
o899 360 4899 360
Hypertensive 23 (37%) 18 (29%)
Non-hypertensive 11 (18%) 10 (16%)
The distribution of values between rows and columns is not significantly different;
w2=0.00008, P=0.993.
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above average Nglom and were normotensive, while 37% with
an above average Nglom were normotensive. These propor-
tions are significantly different; P¼ 0.031. Among white
patients, few had very high blood pressures, but one subject
with an MAP of close to 120 mmHg had more than 1 million
glomeruli, and one patient with mild hypertension had an
Nglom of 1 658 860 (Figure 5).
Gender differences in Nglom
The differences in the proportions of male and female
subjects between hypertensive and non-hypertensive groups
were not significant by w2 tests (African Americans,
P¼ 0.266; white subjects, P¼ 0.258), and gender did not
significantly impact the relationships of Nglom and MAP in
stepwise regression. Nevertheless, the male-to-female ratios
were higher in the hypertensive and lower in the non-
hypertensive groups of both races. Because female subjects
had significantly fewer glomeruli than male subjects in the
entire study population, Nglom was compared between non-
hypertensive and hypertensive male subjects. The difference
was not significant for African Americans (non-hypertensive
(n¼ 10), 1 064 2127333 123; hypertensive (n¼ 27),
924 8377391 020; P¼ 0.325), but white male subjects
showed significant difference (non-hypertensive (n¼ 24),
989 8447187 751; hypertensive (n¼ 20), 795 0437348 149;
P¼ 0.0194). There were not enough women in the non-
hypertensive or hypertensive categories of either race to
meaningfully compare African American and white female
subjects separately.
DISCUSSION
We find that hypertension can be related to low nephron
number in a Mississippi white population dying at an average
age of 49.4 years. The findings support the study by Keller
et al.,2 who investigated the relationship between nephron
number and hypertension in a European white population
that had died at an average age of 45.5 years. The average
Nglom of 754 3207329 506 for our white hypertensive
subjects was very similar to the average of
746 4687133 240 glomeruli found by Keller et al.2 in their
hypertensive patients. In our study, both races had a large
range in Nglom with considerable overlap between hyperten-
sive and non-hypertensive subjects. Among white subjects,
where the averages were different and Nglom was significantly
and inversely correlated with MAP, Nglom was unimodally
distributed without a clear demarcation between normo-
tension and hypertension.
There was an inverse relationship between age at death
and birth weight in which cardiovascular or cerebrovascular
disease deaths tended to occur at a younger age in subjects
with lower birth weights than in subjects with higher birth
weights. At both lower and higher birth weights, the deaths
were associated with hypertension, but the younger age of
those with lower birth weights was not related to the severity
of hypertension or, at this time, with glomerular number.
For African Americans, a significant relationship could not
be found between nephron number and MAP. Although Nglom
was somewhat lower in hypertensive compared to non-
hypertensive African Americans, it would require a doubling
of the current number of hypertensive and non-hypertensive
subjects for the difference to approach statistical significance.
Low nephron number seemed to be associated with some risk
for hypertension, but the effect was not strong. Among African
Americans having a lower than average Nglom, twice as many
were hypertensive as normotensive subjects, but among white
subjects there was a nearly equal distribution of hypertension
and normotension among subjects with below average Nglom.
For white subjects, higher than average glomerular number
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Figure 4 | MAP plotted against total right kidney glomerular
number (Nglom) for African Americans 30–65 years of age. There is
no significant relationship between Nglom and MAP (r¼0.1367,
P¼ 0.3822). Several patients have MAPX120 mmHg and Nglom41
million, and normotensive patients are found with low Nglom.
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Figure 5 | MAP plotted against total right kidney glomerular
number (Nglom) for white subjects 30–65 years of age. A significant
inverse relationship is found between Nglom and MAP (r¼ 0.4551,
P¼ 0.0047) in which high Nglom predicts low MAP. Note that two
patients with 41 million glomeruli have high MAP and that blood
pressures are considerably lower than for African Americans.
Table 9 | Distribution of hypertensive and non-hypertensive
subjects having Nglom above and below the group mean
(white subjects, 30–65 years old)
Nglom
o855 755 4855 755
Hypertensive 17 (28%) 7 (12%)
Non-hypertensive 14 (23%) 22 (37%)
The distribution of values between rows and columns is significantly different.
w2=4.675, P=0.031.
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seemed to have a protective effect on blood pressure, but this
was not the case for African Americans where 29% of patients
had an Nglom above the mean and were hypertensive compared
to 16% who were normotensive.
Keller et al.2 described two distinct groups in which 10
hypertensive patients had a range of 531 140–954 893
glomeruli and 10 non-hypertensive controls had a range of
884 458–1 959 914 glomeruli. The median glomerular number
for their non-hypertensive subjects was 1 429 200, which
was above the 75th percentile of 1 182 133 for our non-
hypertensive African Americans and 1 094 407 for non-
hypertensive white subjects. The differences between Nglom
of our hypertensive white subjects and African Americans
and that of the hypertensive patients reported by Keller et al.2
were not statistically significant (white subjects, P¼ 0.943;
African Americans, P¼ 0.280). On the other hand, Nglom
for our non-hypertensive subjects, white and African
Americans, was substantially different from that of their
non-hypertensive patients (Po0.001 for both races). This is
reflected in the notable difference between our ability and
theirs to separate hypertensive from non-hypertensive
subjects on the basis of nephron number. They seem to have
found a bimodal distribution of glomerular number between
hypertensive and non-hypertensive patients that was not
present in our study.
The findings may add to observations that suggest there
are differences in the pathogenesis of hypertension in African
Americans and white subjects. Hypertensive African Amer-
icans have been found to have lower plasma renin levels than
hypertensive white subjects and to have higher glomerular
filtration rates when salt intake is excessive.27 These are
features of salt-sensitive hypertension that is thought to be
more prevalent in African Americans.27 The mechanism for
this increased salt sensitivity is not known, but it has been
suggested that the distal tubular transport of sodium,
potassium, and chloride may be more active in African
Americans.27 For our patients, hypertension was certainly
more severe in African Americans, and hypertensive African
Americans had a significantly greater total glomerular
volume than hypertensive white subjects. This may reflect
the higher glomerular filtration rate that is found with salt-
sensitive hypertension.
While low nephron number may contribute to the
development of essential hypertension, factors other than
nephron number must play a role in the maintenance of
normal and elevated blood pressure. It is hypothesized that
low glomerular number may reduce the filtration surface of
the kidney and decrease the ability of the kidney to excrete
salt by pressure natriuresis.1 However, low glomerular
number is associated with increased glomerular volume.22
This has the effect of increasing total glomerular volume
toward the mean. The inverse relationship between Nglom and
Vglom may adequately compensate for a nephron deficit that
is not too severe and preserve normal pressure natriuresis.
We found that female subjects have on average approxi-
mately 15% fewer glomeruli than male subjects with no
apparent difference in blood pressure. It will be important to
study the influence that nephron number may have on blood
pressure for male and female subjects separately. Of
additional importance is obesity and the effect or lack of
effect nephron number may have in obesity-associated
hypertension. Obesity and obesity-associated hypertension
are major epidemiologic problems in the southeastern United
States.28,29 Although half of the normotensive and hyperten-
sive patients in our patient population had a BMI at or above
the level of obesity, with the number of kidneys that have
been analyzed so far, we have not found any relationship
between BMI and blood pressure.
MATERIALS AND METHODS
Kidneys were collected at autopsy at the University of Mississippi
Medical Center. If both kidneys were grossly normal and equal or
approximately equal in size, the right kidney was perfusion-fixed
with 10% buffered formalin. Kidneys were excluded from the study
if they microscopically showed evidence of a primary glomerular or
tubulo-interstitial disease. Cases of rheumatic heart disease,
congenital heart disease, hereditary hypertrophic cardiomyopathy,
and dilated cardiomyopathy were also excluded, because normal
cardiac function and regulation of blood pressure may not have
been present and heart weights would be increased independent of
blood pressure. A total of 140 subjects 18–65 years old met collection
criteria. The causes of death were as follows: coronary artery or
hypertensive cardiac disease, 38%; cerebrovascular disease, 7%;
pulmonary emboli, 11%; hematologic or neoplastic disease, 9%;
pneumonia or adult respiratory distress syndrome, 8%; neurologic
disease (not cerebrovascular), 3%; accident, 16%; homicide, 7%.
Blood pressures without medication were obtained in 89 patients
from hospital or clinical medical records. MAP was calculated from
the average of several representative blood pressure determinations.
For calculation of BMI, the length of the body was measured at
autopsy and body weight was obtained with a full body scale or from
medical records.
Kidney samples were processed at Monash University for the
stereological estimation of Nglom and Vglom using the physical
disector/fractionator combination. VglomTotal was calculated as the
product of Nglom and Vglom. Representative kidney blocks, not
sampled for stereology, were analyzed for the percentage of
glomerulosclerosis and the severity of intrarenal arteriosclerosis.
The stereological and morphometric methods have been previously
described in detail.22,30–35
The patients were categorized on the basis of a history of
hypertension, consistently elevated blood pressure (X140/
90 mmHg), the presence of cardiomegaly and the presence and
severity of renal arteriolosclerosis as follows: (1) non-hypertensive:
no history of hypertension, blood pressures not elevated and
MAPp106 mmHg; (2) probably non-hypertensive: no history of
hypertension but no available blood pressure record, a heart-to-
body-weight ratio p5.7 g/kg and It (intimal thickening of
interlobular arteries) p0.07 (less than the 75th percentile of non-
hypertensive subjects); (3) probably hypertensive: history of
hypertension but no available blood pressure record, heart-to-
body-weight ratio 45.6 g/kg and ItX0.06 (greater than the 25th
percentile of hypertensive subjects); (4) hypertensive: history of
hypertension, repeatedly elevated blood pressures and
MAPX107 mmHg. For analysis, groups 1 and 2 were considered
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non-hypertensive and groups 3 and 4 hypertensive. A total of 72
subjects were categorized as non-hypertensive subjects (31 African
Americans and 41 white subjects) and 68 as hypertensive subjects
(44 African Americans and 24 white subjects).
Birth weights were obtained from the Public Health Statistics
Division of the Mississippi State Department of Health. The data
were analyzed with StataTM (College Station, TX, USA) or
SigmaStatTM software (Jandel, San Rafael, CA, USA).
The relationships between age, BMI, Nglom, Vglom, birth weight,
the percentage of obsolete glomeruli, arterial intimal thickening and
MAP were analyzed using Pearson’s product moment correlation.
Stepwise regression was used to investigate the relative influence of
age, race, gender, BMI, Nglom, and birth weight on MAP. Differences
between groups were analyzed using a t-test if data passed normality
and equal variance tests and by a Mann–Whitney rank sum test if
they did not. For statistical procedures, Po0.05 was considered
significant.
The research protocol was approved by the Institutional Review
Board of the University of Mississippi Medical Center. All autopsies
were performed and kidney tissues were used with the permission
and informed consent of county coroners and first-of-kin.
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